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Time taken for heat exchanger to reach steady state before fluid mass flow rate change. C * (w) Capacitance ratio defined in [19] , C * (w) = 1/V .
f (t)
Transient boundary conditions to the inlet temperature of hot fluid.
p(t)
Fluid mass flow rate changing function. 
Greek Letters

D
UE to high energy efficiency and high cooling capacity required inside data centers, thermal management has become a challenging problem that is attracting a great deal of attention [1] - [4] . Cross flow heat exchangers are essential components of data center liquid cooling and hybrid cooling systems. The performance of heat exchangers strongly influences the thermal environment of data centers. In general, heat exchangers are designed to perform under specific steadystate conditions. However, under real working conditions, several operational variations may occur due to load variations, operational conditions, start-up/shut down, failure, and other accident scenarios. These variations lead to dynamic changes of the heat exchanger loads. The dynamic performance of these heat exchangers needs to be characterized to improve the overall thermal performance and reliability inside the data center. In addition, it can help the thermal control systems designed for cooling systems to improve energy efficiency [5] , [6] .
Steady-state analyses of cross flow heat exchangers have been intensely examined and the results have been published [7] . Much effort has also been made to understand transient performance in the past few decades. Due to the complexity of transient analyses of cross flow heat exchangers, there is no comprehensive literature on this topic. Initially, Dusinberre [8] examined the transient behavior of a cross flow heat exchanger. He applied a finite difference method to solve the energy conservation equations, using a specific case. Gartner and Harrison [9] performed a transient experimental analysis of a water-to-air cross flow heat exchanger under periodic temperature variations. Later, Myers et al. [10] employed an integral technique to analyze a gas-to-gas cross flow heat exchanger with one fluid mixed. Transient characteristics of the average outlet temperature of two fluids under a step change to the inlet temperature are presented. Yamashita et al. [11] numerically characterized the outlet temperature responses under the same step change as in Myers' study, with neither fluid mixed. A few years later, Romie [12] predicted the average outlet temperature response of gas-to-gas cross flow heat exchangers using a double Laplace transform technique under step change to the inlet temperature of either the hot side or the cold side of fluid. Gvozdenac [13] , and Spiga and Spiga [14] extended the work and investigated the transient behavior of gas-to-gas cross flow heat exchangers under arbitrary inlet temperature variations, such as step, ramp, and exponential input functions. In [13] and [14] , the energy balance equations are solved using both two-fold and three-fold Laplace transform techniques. It is progressively more difficult to invert the transformed temperatures at the wall and the two fluids in the physical domain using this technique. Consequently, Chen and Chen [15] performed some work on the transient analysis of gas-to-gas cross flow heat exchangers using the technique of a single Laplace transform, along with numerical inversion. The step, ramp, and exponential responses of a cross flow heat exchanger are determined using a single Laplace transform in conjunction with a power series. Following this, Mishra et al. [16] performed a numerical study on the unmixed-unmixed cross flow heat exchanger for step, ramp, as well as exponential variations in the hot fluid inlet temperature. This paper considered the effect on the dynamic performance of longitudinal conduction and axial dispersion. For the mass flow rate variation study of a cross flow heat exchanger, Roetzel and Xuan [17] presented a dynamic analysis of flow rate step variations with the assumption of constant heat transfer coefficients. Mishra et al. [18] investigated the dynamic response of a cross flow heat exchanger, which changed due to perturbations in fluid temperatures and mass flow rates.
It can be noted that literature has analyzed the problem with numerical methods, such as finite difference techniques, analytical methods, such as the Laplace transform technique, and experimental measurements. Most of the studies calculate the outlet temperature or mean exit temperature of both fluids as a signature of the dynamic response. In this paper, we calculate and use transient effectiveness in characterizing the dynamic performance of the cross flow heat exchanger.
The concept of transient effectiveness was first proposed by Cima and London [19] as an new designation in studying the transient responses of a heat exchanger. The transient effectiveness mathematical models were developed and used to solve the transient problem of a two-fluid counter-flow heat exchanger, such as a gas-turbine regenerator. It is shown that transient effectiveness is useful for characterizing and predicting the transient performance of a counter-flow heat exchanger under a step change in the hot fluid inlet temperature, as well as the hot fluid mass flow rate. Similarly, the analytical solution performed by Rizika [20] was presented in terms of the transient effectiveness, which is the limit of the corresponding dimensionless time smaller than one. Furthermore, London et al. [21] performed a comprehensive study dealing with the transient response of a counter-flow heat exchanger. Transient effectiveness was used as a parameter to analyze the dynamic performance. Myers et al. [22] performed a transient response of a heat exchanger due to a step change in the temperature of one fluid, with the assumption that one fluid had an infinite capacitance rate. However, the transient effectiveness concept has not been used in analyzing a cross flow heat exchanger problem in data centers.
The aim of this paper is to investigate a new technique for studying the dynamic performance of an unmixed-unmixed cross flow heat exchanger. The transient effectiveness concept is used and solved numerically together with the energy conservation equations. The transient effectiveness is then used to analyze and characterize the transient response of a cross flow heat exchanger. The analyses presented here are based on the study first presented in [23] . This paper provides a significantly more comprehensive transient mathematical model and an expanded set of cases for the variations in the fluid mass flow rate are investigated.
II. MATHEMATICAL MODEL This paper considers a 2-D, direct-transfer-type, singlepass cross flow heat exchanger, with walls separating the two fluid streams as shown in Fig. 1 . The mathematical model is developed based on the assumptions made in [14] - [16] and [24] - [26] . Conservation of energy for the wall and fluid streams can be expressed in the following dimensional forms:
Nondimensional variables are defined as follows:
Nondimensional physical parameters are defined as follows.
Number of Transfer Units
Heat Capacity Rate Ratio
The ratios of the mass flow rate in a transient case to the initial mass flow rate are set as r h and r c , so that the following relationships can be formulated:
If there is no mass flow rate variation, then
If there is a mass flow variation during the transient simulation, then
The heat transfer coefficient h varies with time due to possible mass flow rate change. In this paper, we use the method discussed in [18] . Assuming the flow is a fully developed turbulent flow, the heat transfer coefficient is proportional to G η and then proportional to m η . First of all, use η = 0.8, which is given by the Dittus-Boelter correlation, shown below
The utility of the η value selected in this paper will be tested with experimental data in Section II-A. Conservation of energy for the wall and the two fluid streams can be expressed as
Boundary Conditions and Initial Conditions:
The initial temperature conditions of the hot fluid, the cold fluid, and the equipment are set equal to the ambient temperature, shown as follows:
The boundary condition of the cold fluid, which remains constant in this paper, is given as follows:
The boundary condition of the hot fluid is given by a time-varying function
If there is no transient variation in the fluid mass flow rate, then
Three boundary condition functions f (t) and two mass flow rate variation functions p(t) are specified, as follows.
Step Function
Ramp Function
Exponential Function
For a step change to the mass flow rate
For a ramp change to the mass flow rate
In this paper, for simplicity, the parameters α, β, and δ are set to 1, 0, and 10, respectively. Due to mass flow rate changes, then the heat transfer coefficient changes, NTU also changes as shown
. (24) N h and N c can be formulated in the following equations proposed in [16] using the nondimensional parameters NTU , E, and R defined above as:
A. Transient Effectiveness Method
For the steady-state heat exchanger study, the concept of heat exchanger effectiveness is defined as the ratio of the actual heat transfer rate to the maximum possible heat transfer rate [26] . The idea is extended to the time-dependent effectiveness for each fluid in [26] as
Generalized transient effectiveness for each fluid is defined as
For a step change to the inlet temperature of the hot fluid, the following relationships can be developed:
Substituting (29) and (30) into (31) and (32) and applying the relationships shown in (33) and (34) yields
It should be noted that, based on these equations, the generalized transient effectiveness of each fluid represents the ratio of the corresponding fluid stream outlet temperature change from its initial value to the ultimate change, when it reaches another steady state after a transient variation. The boundary conditions for generalized transient effectiveness are
B. Method of Solution
The energy balance equations are solved using a finite difference method. Forward time and upwind schemes for the space derivative are used. In addition, a time sensitivity study and a grid sensitivity study have been conducted. A 100 × 100 space grid, which was made with 0.005 time steps, resulted in grid independent results. The mean outlet temperatures of the two fluids in the cross section are calculated using
Transient effectiveness and generalized transient effectiveness are solved numerically using (29)-(32), respectively.
III. TRANSIENT EFFECTIVENESS METHOD VERIFICATION
Numerical solutions for the transient effectiveness of the two fluids are developed based on the definitions presented in Section II-B. The methodology and solution is verified in this section by comparing it with several published results. One limitation is that there is no available literature or solution concerning the cross flow heat exchanger using the transient effectiveness method. Therefore, published analytical solutions and analog solutions for the transient effectiveness of a 1-D contour flow heat exchanger are used. The details of the mathematical model of the contour flow heat exchanger are shown in [19] - [21] . The equivalent method was used and the same transient effectiveness equations were integrated into the numerical code and then compared with the generalized transient effectiveness results, as shown in (29) and (30). Fig. 2 shows a comparison of the numerical solutions and the analytical data points [20] . This result is a prediction based on the response of the intercooler and precooler problem, corresponding to a step change in the inlet temperature of the cold fluid. The analytical solution is limited in the nondimensional time range t, which is <1, since the equations are much more complex and the calculations are more expensive for longer times. In addition, in Fig. 2, a comparison [27] analog solution as data points [21] and the numerical solution is presented. The results show the cold fluid effectiveness of a counter flow heat exchanger due to a step change in the inlet temperature of the hot fluid. Fig. 2(b) shows the cold fluid transient effectiveness due to a step increase and a step decrease in the hot fluid mass flow rate. The step increase and decrease in the mass flow rate led the corresponding NTU values to change from 1 to 1.5 and from 1.5 to 1, respectively. Again, the results and trends achieved by the numerical solution are similar to the analog solution shown in data points [19] . These studies illustrate the validity of the numerical solution for the transient effectiveness prediction shown in (27)-(30) for both the inlet temperature and fluid mass flow rate variations. Table I shows the experimental data of an IBM rear door heat exchanger [27] . The effectiveness data of the heat exchanger tested different air mass flow rates (AFRs) and water mass flow rates (WFRs). In this paper, the steady-state results calculated by the present transient numerical code are compared with the available experimental data. In addition, this data is used to develop a method for modeling specific heat exchangers.
A. Effectiveness Results Validation With Experimental the Data
The heat capacity ratio E and the NTU are two governing parameters that specify the final steady-state effectiveness in this case. Based on the experimental data, for a water flow rate of 0.567 kg/s and an air flow rate of 1.117 kg/s, the NTU value of 0.976 corresponds to an effectiveness number equal to 0.545. For a comparison with the model predictions, it is first assumed that NTU is fixed at the value 0.976. The effectiveness for the four water flow rate and air flow rate combinations are then calculated, as shown in Table II . By comparing the results calculated by the present numerical code and the experimental data (with the assumption that NTU is a constant), it can be seen that errors occur in all of the comparison studies. From the results shown in Table II , it can be seen that the NTU changes with both AFR and WFR, and that the AFR changes the NTU more significantly than the WFR, since varying the AFR creates a much larger error.
It is illustrated that a constant NTU introduced larger errors while analyzing this specific heat exchanger. Therefore, the following study aimed to develop the NTU models using experimental data. For the water flow rate of 0.567 kg/s, nine different air flow rates were used to iteratively compute the NTUs under different air flow rates. The NTU value is varied in the code until the final steady-state effectiveness calculated by the code agrees with the experimental data. Fig. 3 shows the NTU data under nine different air flow rates, which are connected by the black solid line. The NTU results are then fit to a power law, as shown in (41). Another two fitting cases are also shown in Fig. 3 (green dashed line and blue dashed line). In these two cases, the NTU equations are fitted using three data points. It can be seen that using three data points is sufficient to fit the NTU power law equation. It also illustrated that the interpolation calculation is more accurate than the extrapolation calculation. For the other two water flow rates, it is assumed that the NTU curves have the same basic shape, but shift up or down with two constants A and B, based on the conclusion made in the constant NTU study. Again, A and B can be calculated using an iterative study using one certain air flow rate. Then, (42) and (43) are used to calculate the NTUs under different air flow rates. These NTU values along with the heat capacity rate ratio are integrated into the numerical codes. The effectiveness calculated by the numerical codes are then compared with the experimental data under corresponding water flow rates and air flow rates. Fig. 4 shows the effectiveness calculated by the numerical code compared with experimental data. It can be seen that, using the NTU equations developed, the numerical solution can accurately predict steady-state effectiveness, as shown in the experimental data. The NTU mathematical models for the rear door heat exchanger (n denotes different AFRs shown in Table I) The NTU model is also tested using the steady-state theoretical equation of unmixed-unmixed cross flow heat exchangers, as shown in (44). By integrating (43) and (44) and (8) into (44), the effectiveness under different air flow rate operating condition can be calculated. Fig. 4 shows the comparison results between the experimental data and the theoretical model. It can be seen the NTU model satisfying the theoretical model
The developed NTU models and experimental data are used to calculate the initial values of the model parameters. The final steady-state effectiveness values calculated by the numerical solution for mass flow rate variations are compared with experimental data. Results of the four hot fluid mass flow rates and the four cold fluid mass flow rates are shown in Table III . It can be seen that the simulation results are in good agreement when compared with experimental data. These verification studies illustrate the validity of the mathematical model and numerical solution for the mass flow rate variation. The η value given by the Dittus-Boelter correlation [18] is workable for modeling this specific cross flow heat exchanger.
IV. PARAMETRIC STUDY OF TRANSIENT EFFECTIVENESS
In this section, results are presented showing the transient effectiveness performance under different parametric conditions. The transient effectiveness is used as a measure of the dynamic performance from one steady state to the new equilibrium state under certain inputs.
A. Inlet Temperature Variation
The transient performance of the heat exchanger under different inlet temperature variations was studied over a wide range of parameters in [23] . The inlet temperature variation does not influence the final steady-state values of the effectiveness curve lines. This means that the effectiveness curve always returns to the initial value after a certain transient variation.
The results are used to analyze several practical application problems of the heat exchanger in data centers.
1) Influence of NTU:
For the heat exchanger selection and design in data centers, a larger physical heat exchanger performs better with cooling. However, the one with larger heat transfer effectiveness has a longer response time during a temperature transient event.
2) Influence of R: For the cross flow heat exchanger, when the resistance on one side of the fluid is two times larger than the other side, the variation in the heat transfer surface does not influence the transient variation significantly. Some failure scenarios of the cross flow heat exchanger used in data centers can be understood as the heat transfer surface partially decreasing.
3) Influence of E: The change in E can be understood as the variation in one fluid mass flow rate. As an example, for the case of a rear door heat exchanger based hybrid cooling data center, each rack rear door heat exchanger may be operated at different water flow rates, since they may be connected with multiple coolant distribution units. One specific case could result from an inlet temperature variation of the hot air stream as a result of rack power variation. Based on the model results for the E effect, it is reasonable to assume that transient response time of each rear door heat exchanger are similar and do not lead to a complex dynamic to the data center room.
B. Fluid Mass Flow Rate Variation
The transient performance of the heat exchanger under different fluid mass flow rate variations is studied over a wide range of parameters based on available data of actual heat exchangers used in data center cooling systems [27] . Results are shown for the range of NTU from 0.6 to 2, R from 0.5 to 10, E from 0.25 to 0.65, and V from 0.1 to 5. In this paper, four different types of mass flow rate variation functions were selected as a hot fluid step increase, cold fluid step increase, hot fluid ramp increase, and cold fluid ramp increase. The steady-state value of the effectiveness will change due to mass flow rate variations. In general, it can be noted from Figs. 5-8 that the final steady-state effectiveness increase is due to an increase in the cold fluid mass flow rate and its decrease is due to a decrease in the hot fluid mass flow rate. This phenomenon has been shown in the experimental test data [27] . Hot fluid effectiveness curves move smoothly from one steady-state value to another one, which is shown in all cases under different parametric conditions. Cold fluid effectiveness curves change in a more complicated manner, as shown in all cases. Mathematically, based on (30), the changes in the cold fluid effectiveness are dominated by T c,out (t) and C c/ C min (C min is hot fluid capacity rate in this paper, with C c/ C min = E). For a step change in fluid mass flow rate, all cold fluid effectiveness curves have a step change at the beginning, due to the step change of E. The cold fluid effectiveness curves variation is dominated by the outlet temperature. For the mass flow rate ramp variation cases, initially the cold fluid effectiveness curves vary due to the effect of varying combinations of E and T c,out (t). After t = 10, the only dominating term is T c,out (t). It can be seen that when the mass flow rate and temperature terms vary together, overshooting is seen on the effectiveness curves. The overshoot is an important phenomenon for a data center operator since it may have a detrimental effect on the cooling. The overshoot during the transient event may lead the temperature could go above a predefined limit, even though the steady-state conditions are under the limit. is no time delay on either of the effectiveness curves. This is a useful characteristic of heat exchanger, especially for the data center designer and operator. For instance, there are many types of in-row coolers with different cooling capacities and physical sizes. The use of a smaller in-row cooler can improve the space efficiency by minimizing the floor space and achieve a faster transient response. However, a smaller in-row cooler sacrifices the cooling capacity and effectiveness.
2) Influence of E: Fig. 6 shows the transient effectiveness of two fluids plotted versus nondimensional time for a wide value range of E, for the hot fluid step [ Fig. 6(a) ], cold fluid step [ Fig. 6(b) ], hot fluid ramp [ Fig. 6(c)] , and cold fluid ramp [ Fig. 6(d) ] variations. As E is a parameter for both the steady and unsteady states, all the curved lines gradually approach different values from different initial values. The smaller the values of E, the faster the curved lines approach the steady state. In this case, it is assumed that the cold fluid initial mass flow rate is a constant for different E values. Based on (8) , smaller values of E can be understood as lower hot fluid mass flow rates. Lower hot fluid mass flow rates mean that the hot stream stays in the heat exchanger for a longer time. Based on these results, for smaller E values, the response times are smaller when the variation in the mass flow rate increases, for either hot or cold fluids. The advantages and disadvantages of using a smaller in-row cooler have been discussed. By increasing the flow rate of the chilled water supply to the in-row cooler, the cooling effectiveness can be improved while at the same time a much faster transient response can be achieved. However, this potentially increases the pumping power consumption.
3) Influence of R: Fig. 7 shows the transient effectiveness of two fluids plotted versus nondimensional time for a wide value range of R, for the hot fluid step [ Fig. 7(a) ], cold fluid step [ Fig. 7(b) ], hot fluid ramp [ Fig. 7(c) ], and cold fluid ramp [ Fig. 7(d) ] variations. The effect of the conductance ratio governs both the steady state and the transient performance in this case. All of the curved lines gradually approach the steady state, with an increase in the value of t. The larger the value of R, the faster the lines approach the final steady state. In the simulation study, nondimensional time is defined as (4), which means the initial cold fluid heat transfer coefficient is defined as a constant in all the studies. Therefore, different R values are understood as different initial hot fluid heat transfer area. Due to a fluid mass flow rate change, effectiveness curve lines initiate from the same steady state value and approach different final steady-state values for different R values. Due to a specific mass flow rate variation, the final E value will be different and will not be influenced by the initial R value. Final NTU values will differ for different R values. Different final NTU and E conditions govern several new equilibrium states because of the mass flow rate variation. Many of the cross flow heat exchangers used in data centers are fin-tube ones. Fins are an important design parameter of a heat exchanger. They are used to increase the heat transfer from surfaces. Based on the results discussed here, the heat exchanger with larger fins will have a larger performance variation and faster response during a mass flow rate variation. A large fin design may generate a high pressure drop.
4) Influence of V: Fig. 8 shows the transient effectiveness of two fluids plotted versus nondimensional time for a wide range of values of V , for the hot fluid step [ Fig. 8(a) ], cold fluid step [ Fig. 8(b) ], hot fluid ramp [ Fig. 8(c)] , and cold fluid ramp [ Fig. 8(d) ] variations. Similar behaviors can be seen as in the temperature variation analysis, which showed that V affects only the transient performance of the effectiveness. With larger V values, the effectiveness curves take a longer time to achieve steady state. Comparing the cases between hot fluid and cold fluid mass flow rate changes, it can be observed that with increasing values of V , the difference in time taken for the effectiveness to settle down becomes larger. When V is very small (which means that the fluid capacitance is very small compared with the heat exchanger core), the transient response time of the effectiveness curves is similar for hot fluid and cold fluid mass flow rate variations. Based on this observation, it can be noted that a larger V value results in a longer response time difference between hot and cold fluid flow rate variation scenarios. For example, the prediction of an air to air cross flow heat exchanger (where the V value is very small) transient response for a combination variation of hot and cold fluid mass flow rates indicate that the response time may be similar to a single mass flow rate variation case. More related studies are currently being investigated because it is important for the control strategy design of heat exchangers to have practical applications. The results here can be used for failure analyses of cooling units in data centers. For example, one of the failure categories of the computer room air handler (CRAH) unit is a blower failure. This failure category can be understood as an airside mass flow rate drop. It can be seen that the thermal mass of both fluids are significantly involved in extending the transient response time, especially when the thermal mass of the fluid is larger than the thermal mass of the heat exchanger wall. When the thermal mass of the heat exchanger wall, including the tube and fin are much larger than the thermal mass flow fluid for a heat exchanger, the variation in fluid thermal mass does not affect the temperature significantly. It should be noted that the thermal mass of the cooling coil and the fins are important parameters for the designing and operating of CRAH units used in data centers.
V. CONCLUSION
The transient response of a 2-D unmixed-unmixed cross flow heat exchanger is investigated using the transient effectiveness method. The transient effectiveness mathematical models are solved numerically and the solution accuracy is compared with several published analytical and analog solutions. The results show an excellent agreement with the available data from literature. A specific modeling study is carried out using the experimental data of the effectiveness of an IBM rear door heat exchanger. Transient effectiveness characteristics are then studied under several governing parametric conditions for variations in the inlet temperature and fluid mass flow rates. The influence of five independent governing parameters, under a wide range of values, on the transient and steady-state responses of the effectiveness are investigated. The developed mathematical models, corresponding analysis, and results of the transient effectiveness of the cross flow heat exchanger conducted in this paper illustrate that the method is useful for characterizing the performance of the cross flow heat exchangers. Many results reported in this paper can also be used to analyze problems with the practical application of cross flow heat exchangers in data centers. This paper will also be useful for the selection of heat exchangers and a dynamic analysis of data center liquid cooling and hybrid cooling systems that use different cross flow heat exchanger configuration designs.
